Abstract: Local residents exposed to heavy falls of ash discharged by Mt. Sakurajima, an active volcano, have been reported to develop acute and chronic inflammation of the respiratory tract. The present study aimed to determine the primary cause of this inflammation using an experimental model. Wistar rats were exposed for 5 days (4 h/d) to air containing 100 mg/m 3 volcanic ash (mass median aerodynamic diameter, 4.3 µm; geometric standard deviation, 1.7) with or without 1.5 ppm sulfur dioxide (SO 2 ). The lungs were then lavaged, and mRNA was extracted from alveolar macrophages and assessed by reverse transcription-polymerase chain reaction (RT-PCR). In the lavage fluid, no change in cellularity or increase in the content of tumor necrosis factor (TNF)-α α α α α was detected. However, at 1 h following exposure, 80% of macrophages were seen to have phagocytosed the volcanic ash. This percentage was unchanged at 24 h after exposure. Profilin mRNA content of the macrophages was elevated, and c-jun mRNA was expressed. Alveolar macrophages exposed to volcanic ash and SO 2 , therefore, are likely to have some inflammatory and fibrogenic potential.
Introduction
Frequent eruptions of Mt. Sakurajima, an active volcano located on the east coast of Kagoshima Bay, have caused considerable damage and have compromised daily life and agricultural production. In epidemiologic studies of acute and chronic health effects of volcanic ash from Mt. Sakurajima, Wakisaka et al. 1) reported that the mortality rate from bronchitis significantly exceeded that expected in the standard population. Volcanic air pollution may be responsible for this excessive mortality, and it is suggested that workers employed in cleaning volcanic ash from roads are subject to particularly high levels of exposure. In response to inhaled particulate matter, inflammatory cells, such as neutrophils and monocytes are recruited to the lung to facilitate clearance of deposited particles. However, inflammatory cells can also damage the respiratory tract by releasing enzymes. Volcanic ash has been shown to activate alveolar macrophages, initiating events that cause neutrophils to infiltrate the respiratory tract 2) . This inflammatory response is thought to be mediated by an acute reaction with production and release of pro-inflammatory cytokines, such as TNF-α 3) produced by alveolar macrophages. In addition, volcanic ash is composed of potentially fibrogenic particles in a size range that permits access to all areas of the lung 4, 5) , and previous studies have revealed that TNF-α is upregulated in fibrosing alveolitis 6) . Pulmonary fibrosis is a disease characterized by proliferation of several cell types including fibroblasts and type II pneumocytes, together with increased connective tissue matrix deposition in the interstitium. c-jun, which belongs to the activator protein-1 (AP-1)/b-ZIP family of transcription factors (AP-1: TPA responsive element binding protein (TREB)), has been associated with inflammation, carcinogenesis and fibrogenesis [7] [8] [9] . Asbestos-associated fibrosis involves the participation of a number of cell types and is characterized by an early and persistent inflammatory response that involves the generation of oxidants, growth factors, chemokines, and cytokines. The asbestos fibers trigger a number of signaling cascades involving mitogenactivated protein kinases (MAPK) and nuclear factor kappa-B (NF-KappaB). Activation of transcription factors such as NF-KappaB and C (AP-1) may be linked to increase in the expression level of early response genes (e.g., c-jun and c-fos) which govern proliferation, apotosis, and inflammatory changes in the cells of the lung 10) . Following cellular damage from chemicals, profilin trigger fibrosis by extracellular effluxion, binding to cell surface receptors and triggering signal transduction cascade. This signal induces rapid transient activation of protein kinase C followed by c-jun gene expression to increase the AP-1 complex as observed in cultured rat mesangial cells 11) . AP-1 responsive element carrying gene b-EGF (fibroblastic growth factor) is expressed and elevates DNA synthesis. Thus, by affecting cell growth, profilin is involved in the progression of proliferation disease such as proliferative glomerulonephritis, carbon-tetra-chloride induced liver cirrhosis and alcoholic liver fibrosis [11] [12] [13] [14] . To investigate the actions of profilin-induced c-jun gene expression in rat lungs after exposure to volcanic ash and SO 2 for 5 days, we determined phagocytosis in alveolar macrophages, expression of c-jun and profilin mRNAs, and production of TNF-α.
Materials and Methods

Animals
Male Wistar rats, 10 to 12 weeks old with an average body weight of 245 g, were used for this study.
Volcanic ash
Volcanic ash that had fallen into a polyethylene bucket at the foot of Mt. Sakurajima was collected every 24 h from January to December 1993 (mass median aerodynamic diameter, 4.3 µm; geometric standard deviation, 1.7). A one-year period was considered necessary to maximize the amount of ash collected and to determine the mean content. Ash collected on rainy days was not used.
Bronchoalveolar lavage (BAL)
Male Wistar rats were anesthetized by an intraperitoneal injection of sodium pentobarbital (100 mg/kg). BAL was performed by cannulating the trachea with tubing and washing the lungs four times with saline at a volume of 5 ml per wash. The volume of BAL fluid recovered ranged from 16.5 to 18.5 ml, representing no significant differences in amounts. The BAL fluid (BALF) was centrifuged at 1000 × g for 10 min, and the supernatant was discarded. Cell pellets were washed sequentially and resuspended in 10% RPMI-1640 (GIBCO, BRL) supplemented with 5% heatinactivated fetal calf serum (GIBCO, BRL). Cell numbers were determined in aliquots of the cell suspensions. Giemsastained cytocentrifuge preparations showed that alveolar macrophages comprised over 95% of the BALF cell population.
Studies in vitro
Alveolar macrophages obtained from rats by BAL were exposed to ash with or without SO 2 to determine phagocytosis of ash and release of TNF-α. The macrophages were first suspended in 10% FCS/RPMI (1.75 × 10 5 cells/ml). Volcanic ash (3 mg) was added to two groups of alveolar macrophage suspensions, representing exposure to volcanic ash plus 1.5 ± 0.25 (SD) ppm SO 2 , and exposure to volcanic ash alone.
A control group of unexposed alveolar macrophages was also examined. The alveolar macrophages in each group were cultured at 37°C in an atmosphere containing 5% CO 2 for 1, 4, and 24 h beginning with 1.75 × 10 5 cells/ml of culture medium (total, 10 ml) in culture dishes (Falcon 3001) ( Fig. 1 ). TNF-α was determined in the culture supernatant fluid and the number of macrophages and the percentages of macrophages containing phagocytized particles was determined with a light microscope. Two hundred alveolar macrophages per slide were assessed for phagocytosis. TNF-α was measured by enzyme-linked immunosorbent assay (ELISA Japan Immunoresearch Laboratories Co Ltd.), using a commercially available kit.
Studies in vivo
Male Wistar rats were divided into five groups (four exposure groups, one control group). Whole-lung lavage was performed in all groups, including the control. Exposure group animals were exposed to 100.0 ± 12.5 (SD) mg/m 3 of volcanic ash plus 1.50 ± 0.05 (SD) ppm SO 2 for 5 days (4 h/ d) in a 520 L, stainless steel exposure chamber which was including a dust generator with a continuous screw feeder and overflow pipe. This apparatus can maintain constant dust concentrations over long periods 15) . Whole-lung lavage was performed at 1, 4, 12 and 24 h following completion of inhalation exposure (Fig. 2) . Cellularity, number of macrophages showing of phagocytosis, and TNF-α concentrations in lavage fluids were compared with those in the control group.
RNA was extracted from isolated rat alveolar macrophages with acid guanidinum thiocyanate and applied to an oligo (dT) cellulose column to obtain mRNA. The poly (A)' RNA was reverse transcribed, and the resulting cDNA was amplified with profilin primers obtained from rat profilin cDNA. A polymerase chain reaction (PCR) was performed by incubating 100 ng (profiling) or 200 ng (c-jun, G3PDH) of sample mRNA for 16 or 22 cycles (1 min at 94°C, 45 sec at 60°C, 45 sec at 72°C; primers used, 5' ATGGCCGGGTGGAACGCCTA-3' and 5'-AGGTCAGTACTGGGAACGCCG-3') using an automatic thermal controller (PC-800, ASTEC, Japan). PCR reaction product was electrophoresed on a 2% agarose gel and stained with ethidium bromide. Respective primers and conditions used for c-jun and Glyceraldyhyde-3-phosphate dehydrogenase (G3PDH) were 5'-ATGACTGCAAAGAT GGAAACG-3'/5'-TGCCGCGGAGGTGACACTGGG-3' (94°C/1 min, 56°C/1 min 15 sec, 72°C/1 min 30 sec; 34 cycles.), and 5'-GTGAAGGTCGGTGTCAACGGA-3'/5'-AGACGCCAGTAGACTCCACGA-3' (94°C/45 sec, 62°C/ 45 sec, 72°C/1 min 30 sec; 24 cycles). Each amplified c-DNA segment was sequenced and identified as profilin, cjun, or G3PDH. The gel was photographed onto Polaroid Type 665 positive/negative film (Polaroid, Cambridge, MA) with exposure to ultraviolet light at constant exposure and development times. Bands on the positive film were scanned, and the density of each PCR product was measured with National Institutes of Health (NIH) image 1.56 software (written by W. Rasband, NIH, Bethesda, MD).
Results
Studies in vitro
Rat alveolar macrophages showed increased phagocytosis of ash particles with increases in exposure time. Rates at 1, 4, and 24 h after initiation of in vitro exposure, were 46.8 ± 2.5, 67.0 ± 2.7, and 85.3 ± 3.5%, respectively (Fig. 3) . Two to three particles of 1 to 2 µm in size were phagocytized within 1 h of exposure. Both the numbers and size of particles phagocytized were increased after 4 and 24 h, (5 to 10 µm). No significant difference was observed in TNF-α measured by ELISA between the control group and the exposure groups (volcanic ash exposure plus 1.5 ppm SO 2 exposure or volcanic ash exposure alone). TNF-α concentrations of all supernatant fluids were below 20 pg/ml.
Studies in vivo
Volume of BALF recovered ranged from 16.5 to 18.5 ml, and did not differ significantly between groups. Total cell numbers pre-exposure, and at 1, 4, 24, and 72 h after completion of exposure, were 1.82 × 10 6 (± 0.20), 1.56 × 10 6 (± 0.38), 1.55 × 10 6 (± 0.40), 1.71 × 10 6 (± 0.67), 1.76 × 10 6 (± 0.54) cell/ml respectively. There was no significant change in total cell numbers, and cytological change was not observed in any BAL fluid. The concentrations of lavaged alveolar macrophages were over 95% of the BALF cell population and showed no significant difference among the groups (Fig. 4) . Eighty-per-cent of the macrophages phagocytized the volcanic ash particles within 1hr of exposure, and continued for 24 hrs at the same rate. A decrease was then observed 72 hrs after exposure (Fig. 5) . No increase in TNF-α was detected in the BALF (Fig. 6) . The levels of profilin mRNA and G3PDH mRNA increased 1 and 4 hrs after exposure (Fig. 7, 8) . However, the level decreased 72 hrs after exposure (Fig. 9, 10 ). c-jun mRNA was expressed in the exposure group but not in the control group (Fig. 11) .
Discussion
In our studies in vitro, the number and size of phagocytized ash particles increased with exposure time, but no significant difference was observed for TNF-α. The studies in vivo, again showed no significant change in TNF-α, and no change in cell population in BALF was observed following exposure. 5 . Phagocytosis by macrophages after rats were exposed to ash and sulfur dioxide. Data are presented as percentages of macrophages (mean ± SE; n=4). Comparisons were performed by Student's t-test for paired data. P values less than 0.01 were considered to be significant. We hypothesized that volcanic ash exposure induces respiratory tract inflammation, and therefore, the inhalation dose was set at the same concentration as that in previous studies (100 mg/m . This dose was chosen for two reasons. First, previous studies indicated that this volcanic ash concentration was likely to be fibrogenic in this model. Secondly, it has been reported that a total suspended particulate of 1 mg/m 3 or more has an effect on the human respiratory system 16) . The concentration considered significantly harmful has been set at 1 mg/m 3 , and it is thought that clear biologic effects are seen at 10 mg/m 3 . Accordingly, the dose for rats in this study was set at 100 mg/m 3 , a 10-fold excess over the harmful level of total suspended particulates. We administered this very high inhalation dose of volcanic ash for a short period, intending to perform a worst-case test. However, our results differed from those in other reports 2, 5) , as no evidence of inflammatory change in BALF cellularity was noted after exposure. Previous experimental and epidemiologic studies demonstrated that volcanic ash exposure induced respiratory tract inflammatory changes [1] [2] [3] [4] [5] , which suggested that the exposure time in our experiment may have been inappropriate. However, Grose et al. 2) reported finding cytologic changes in the BALF from rats after short term exposure (2 h/d, on each of 5 days); in particular, increases in polymorphonuclear leukocytes were observed, indicating acute inflammation.
Accordingly, consideration was given to the role of particle size. Aerodynamic particulate size ranges used in health effect studies have included a fine mode (<2.5 µm) deposited primarily in the pulmonary region, and a coarse mode (2.5 to 15 µm), deposited in both the tracheobronchial and pulmonary regions 17) . Deposition of particles in rats has been studied for particles less than 3.5 µm in aerodynamic equivalent diameter; however, the present study was performed using a 4.3 µm mass median aerodynamic diameter. Absence of a cytologically apparent change in cell population may have resulted from our choice of particle size. In our studies in vivo, 80% of macrophages had phagocytized volcanic ash particles 1 h after exposure; this percentage was stable for 24 h. A decrease then was observed 72 h after exposure. However, no evidence of remaining ash was seen. In phagocytosis, cells recognize and engulf large particles (>0.5 µmm), a process important to host defense mechanisms, tissue repair, and morphologic remodeling. Caron and Hall 18) identified two distinct mechanisms of phagocytosis, and suggested that type II phagocytosis provides a possible explanation for the lack of inflammatory response associated with the uptake of apoptotic cells. However, volcanic ash is a particulate matter not apoptotic cells. In our light microscopic observations, changes similar to nuclear fragmentation were observed, Results were obtained by densitometric analysis of stained gel photographs. Data are represented as percentages of the mean control value ± SE (n=4). Comparisons were performed by Student's t-test for paired data. P values less than 0.01 were considered to be significant.
Fig. 11. Detection of c-jun mRNA using reverse transcriptionpolymerase chain reaction (RT-PCR).
Ethidium bromide staining is visualized as a band corresponding to 252bp. Expression of c-jun mRNA was present in the exposure groups but not in the control ("pre-exposure") group.
suggesting association with apoptosis. If apoptosis occurred following uptake of ash by phagocytosis, disappearance of the ash would remain unexplained. Since no assessment of the mechanisms underlying phagocytosis and subsequent decreases in phagocytized alveolar macrophages was made in this study, these questions should be addressed in future studies.
When phagocytosis was widespread, increased G3PDH mRNA expression was observed. G3PDH has been considered a "housekeeping gene" by many laboratories using its mRNA expression for normalization of RNA loading, and initially, it was regarded as an appropriate control for this study. However, during the study, increases in G3PDH mRNA were observed, from which it was concluded that it was not suitable. Previous reports indicate that G3PDH can behave as an "early response" gene in human endothelial cells in vitro after addition of fresh medium containing serum 19) . In addition, mRNA expression for G3PDH increases in the tumor promoter 12-O-tetradecanoylphorbol-13-acetate (TPA)-treated epidermal cells at a time correlating to hyperproliferation 20) . The observed increases in G3PDH mRNA in response to a high rate of phagocytosis may be related to the triggering of cell proliferation.
Profilin mRNA increased and c-jun mRNA was expressed in exposure groups, but not in the control group. Profilin has been reported to be associated with increases in mRNAs for fibronectin, type III collagen, and type IV collagen. The profilin usually localizes in the cellular cytoplasma. If cells are damaged, profilin leaks from the cytoplasma into the extra-cellular space, then binds with a cell surface profilin receptor which translocates protein kinase C, and activates c-jun for TPA responsive element binding protein (TREB) formation. DNA binding protein TREB binds to TRE sites on promoters 11) , one of which is the b-FGF (fibroblast growth factor) gene 12) that induces fibroblast proliferation resulting in fibrosis 13, 14) . The increase in mRNA for profilin indicates that mechanisms of phagocytosis of volcanic ash cause molecular changes in the lung that might be involved in triggering cell proliferation.
c-jun has been implicated in enhanced cell proliferation in rat lungs. c-jun is present in alveolar macrophages, and also type II pneumocytes in the bronchiolar epithelium and smooth muscle cells of the bronchioli and in blood vessels 9) . Our results showed that c-jun mRNA was not expressed in the pre-exposure group, but was expressed in the postexposure groups. c-jun mRNA expression increased in phagocytosed alveolar macrophages with exposure. Toblin et al. 21) reported that ambient particulate matter causes activation of the c-jun kinase/stress-activated protein kinase cascade and DNA synthesis in lung epithelial cells, and demonstrated that interaction of ambient particular matter with target cells in the lung initiates a cell signaling cascade related causally to aberrant cell proliferation and carcinogenesis. In our results, no significant cytologic or proinflammatory cytokine change was seen in BALF. Nevertheless, the intensity of cell exposure was still sufficient to induce expression of proliferative genes by alveolar macrophages.
Our findings suggest that macrophages undertaking phagocytosis of ash particles had the potential to cause respiratory damage, even without neutrophil infiltration of the lung. However, considering the decrease in macrophages with phagocytosis that eventually followed exposure, irreversible respiratory damage did not occur at this exposure level: rather, reversible respiratory damage such as bronchitis was the likely result. A relationship between over expression of c-jun and asbestos and oxidant-induced proliferation and carcinogenesis has been reported 21) . In this study, only alveolar macrophages were investigated; therefore, an examination of lung cells is thought to be necessary.
This study showed c-jun over expression in alveolar macrophages related to exposure to volcanic ash similar to that seen in lung cells exposed to asbestos. There appears to be no published data on the relationship between exposure to volcanic ash and carcinogenesis. From 1999 the primary cause of death from cancer in Japanese males has been lung cancer. However, from 1980 the primary cause of death from cancer in males in Kagoshima has consistently been lung cancer. Based on these findings, we are planning an epidemiological study to compare the incidence of lung cancer in areas exposed to ash from Mt. Sakurajima with that in areas of non-exposure.
